Abstract. Autophagy, type II nonapoptotic cell death, is characterized by the formation of double-membrane cytosolic vesicles, the recycling of damaged cytoplasmic content and the maintenance of genetic stability and cellular homeostasis, under conditions of nutrient starvation, hypoxia or other therapeutic stress. In the present study, we comprehensively discuss its indispensable role in the formation of vasculogenic mimicry (VM), capillary-like tubes consisting of cells from the tumor itself instead of vascular endothelial cells. A short hairpin RNA (shRNA) to silence beclin1, an autophagy-specific gene, was designed, synthesized and subcloned into a vector to establish an autophagy-inhibited group, while negative control and blank groups were also established using human gastric cancer SGC7901 cells. �e then investigated the VM forma-. �e then investigated the VM formation ability of these three groups and detected changes in gene expression, survival and invasion correspondingly. The results showed that, following the formation of VM, the expression of pluripotent genes (c-myc, oct3/4, sox-2) and autophagyspecific genes (beclin1, ATG5, ATG7) were increased, which was consistent with the negative control cell group. However, the autophagy inhibited cell group did not form VM, and the expression of pluripotent genes was decreased. Moreover, the inhibition of autophagy reduced the survival and invasive ability of cancer cells under stress. �e suggest that during the formation of VM, the stable expression of genes and the maintenance of survival and invasion are indispensable. Under a stress environment, autophagy is activated to maintain the stability of gene expression, maintain survival and invasive ability and facilitate VM formation, which can provide nutrients, oxygen and invasive channels to tumors, facilitating survival and development under stress.
Introduction
Autophagy, an evolutionarily conserved cell death process, plays a critical role in maintaining energy homeostasis, protein and organelle recycling by transferring defective cytoplasm and organelles into double-membraned vesicles, termed autophagosomes, to degrade and regenerate materials and ATP (1) . Autophagy can be activated simultaneously with apoptosis under nutrient starvation, hypoxia or other therapeutic stress (2) . However, unlike the latter, autophagy can facilitate genetic stability (3) and cellular homeostasis and play a protective role against stress (4, 5) . Recent research shows that autophagy is activated as a survival mechanism in cancer under different types of stress (6, 7) and helps cancer cells against environment stress and provides a temporary survival pathway by promoting energy regeneration and by maintaining genetic stability and cellular homeostasis. Research has revealed that autophagy guarantees tumor cell survival when apoptosis is inactivated (8) . Defective autophagy was found to render mouse mammary epithelial cells susceptible to metabolic stress, prone to DNA damage and genomic instability via gene amplification (9, 10) . However, another study found that autophagy mainly contributes to tumor suppression. It can mitigate metabolic stress and genome damage to inhibit tumorigenesis. �ang et al found that Akt suppresses autophagy by mTOR-independent phosphorylation of beclin1, ultimately promoting tumorigenesis (11) . �hether autophagy plays a tumor-suppressor role or a tumor-promoter role is not clear and needs to be further researched.
Vascularization plays an important role in oxygen and nutrient supplementation, proliferation, invasion and metastasis in tumor tissues. The formation of tumor feeding vessels mainly relies on existing normal endothelial vasculature, which can grow inside tumors and supply oxygen and nutrients. Vasculogenic mimicry (VM) is a new type of tumor angiogenesis model (12) . Many highly malignant tumors can simulate vascular channel forming pathways, and differentiate into vascular channels which supply nutrients, oxygen and provide invasive channels to interior tumor tissue (13) . Because of the independence of the endothelial vascular, vascular endothelial tumor-suppressor drugs are not sensitive to this type of vascularization (14) . VM has been found in many highly metastatic malignant tumors (15, 16) . What is more, its existence is often closely related to the response to various types of tumor treatment and patient prognosis (17, 18 ). Yet, the mechanism of VM is still not clear. A recent study found that autophagy-specific genes beclin1 and LC3 were both highly expressed in VM-positive melanoma when compared to expression levels in negative samples. The action of autophagy was found to be related to VM and the metastasis of melanoma (19) . Therefore, we hypothesized that autophagy contributes to VM formation, which aids cancer cell survival and metastasis. In our research, we aimed to ascertain whether autophagy facilitates VM formation, how it functions and the possible mechanisms finally elucidating the effect of autophagy effect on the promotion of cancer.
Materials and methods
Cell culture. Human gastric cancer cell line SGC7901 was grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) (both from HyClone, Logan, UT, USA), 100 U/ml penicillin and 100 g/ml streptomycin (both from Beyotime Institute of Biotechnology, China). Cells were maintained at 37˚C in a humidified atmosphere of 5% CO 2 .
Short hairpin RNA (shRNA) construction for beclin1 knockdown and transfection. shRNA to silence beclin1, an autophagy-specific gene, was designed, synthesized and subcloned into a vector while a negative control was also established. The recombinant vector was then transfected into the SGC7901 cell line and the cells were screened with G418 and assayed using RT-PCR and western blotting.
Tube formation assay. One milliliter of viable cells (2.5x10 5 / ml) was added to each well of 24-well plates containing 0.2 ml Matrigel matrix (BD Biosciences, Bedford, MA, USA). Plates were incubated at 37˚C in 5% CO 2 for 24 h. The vascular mimicry formation ability was evaluated by counting the average length of the vascular mimicry, number and intersecting nods. Each experiment was performed at least three times.
Measurement of cell viability. Cell viability was assessed by the 2-(4,5-dimethyltriazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Amresco Inc., Solon, OH, USA) colorimetric assay. Briefly, 20 µl of MTT (5 mg/ml) was added to each well. After a 4-h incubation at 37˚C, the cell supernatants were discarded, MTT crystals were dissolved with DMSO and the absorbance was measured at 450 nm. All experiments were conducted with 4-6 wells per experiment and repeated at least 3 times.
Cellular immunofluorescence staining. Cells were fixed in 4% paraformaldehyde for 10 min at room temperature with permeation using 0.1% Triton X-100. Slides were washed three times with phosphate-buffered saline (PBS), blocked with 5% bovine serum albumin in PBS for 1 h at 37˚C, incubated with antibodies against LC-3 (1:400; Beyotime) overnight at 4˚C and with PE-Cy3 secondary antibodies (1:500; Beyotime) for 1 h at room temperature. The slides were observed using a fluorescence microscope.
Real-time quantitative-polymerase chain reaction (PCR).
Total-RNA was extracted with the use of TRIzol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). cDNA was generated by reverse transcription using First Strand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, USA) and oligo(dT) primers in 20 µl reaction volume containing 5 µg of total RNA pretreated with RNase-free DNase I. PCR was performed with 25 µl reactions containing 0.5 µl diluted cDNA, Taq DNA polymerase, and the primers are listed in Table I . The PCR consisted of an initial denaturation at 94˚C for 4 min, followed by 25-35 cycles of 94˚C for 30 sec, 58-68˚C for 30 sec and 72˚C for 1 min. PCR products were analyzed on 1.5% agarose gels.
Western blotting. The whole-cell lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Blots were blocked and incubated with the anti-beclin1 (1:1,000), anti-ATG5 (1:1,000), anti-ATG7 (1:1,000) (all from Cell Signaling Technology Inc.), anti-c-myc (1:1,000), anti-notch-1 (1:1,000) (both from Abcam, Cambridge, MA, USA), followed by incubation with a secondary antibody (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were visualized Table I . Primer sequences.
Gene
Primer sequences
using enhanced chemiluminescence detection reagents and exposed to X-ray film. The blots were stripped and re-probed with the anti-β-actin antibody.
Matrigel invasion assay. The Transwell chamber was used (8-mm, 24-well format; Corning, Costar, NY, USA). In the invasion assay, the insert membranes were coated with diluted Matrigel (BD Biosciences). Cells (1x10 5 ) were added to the upper chamber and cultured for 24 h. Finally, the insert membranes were cut and stained with crystal violet (0.04% in water; 100 ml; Beyotime) and the number of invasion cells were counted under an inverted microscope and photographed. Meanwhile, at least three independent experiments were performed for all conditions. The data are shown as means ± SD. Statistical analysis. Data are shown as means ± SD. The statistical difference between the two groups was examined by the Student's t-test. Multiple comparisons were performed by one-way analysis of variance. P<0.05 was considered to indicate a statistically significant result.
Results

VM formation by SGC7901 cells in 3D culture.
Threedimensional (3D) culture mimicks the features of the in vivo environment, allowing cancer cells to live in a matrix or other hydrogel and is superior to two-dimensional (2D) culture in plastic flasks. Because of the absence of complex vascular systems which perfuse oxygenation and nutrition, 3D cultures provide similar hypoxia and a low nutrition stress environment in vivo for cancer cells (20, 21) .
In the present study, we used Matrigel to establish a 3D culture, and mimick hypoxia and low nutrition in an in vivo stress environment. Gastric cancer SGC7901 cells were grow in the Marigel matrix. After a 24-h 3D culture, a tubular-like structure was noted (Fig. 1A) , while a 24-h 2D culture did not change the morphology of SGC7901 cells as tubular-like structures were not present (Fig. 1B) .
Autophagy is activated in VM formation of SGC7901 cells.
To determine whether autophagy functions in VM formation of gastric cancer cells, we examined the expression of autophagy-specific protein (LC-3) by cellular immunofluorescence staining and detected the expression of additional autophagy-specific genes (beclin1, ATG5, ATG7) by RT-PCR and western blotting in the gastric cancer SGC7901 VM formation process. Cells (2.5x10 5 ) were plated on a 3D gel and after a 24-h 3D culture, the formation of VM was observed. Immunofluorescence analysis showed that the expression of autophagy-specific gene LC3 in the SGC7901 cells was increased during VM formation after 3D culture (Fig. 1) . PCR and western blotting both showed that the autophagy-specific genes (beclin1, ATG5, ATG7), accompanied by the formation of VM, were highly expressed after VM formation in 3D culture. (Fig. 2) . RT-PCR and western blotting were used to detected the expression of autophagy-specific genes (beclin1, ATG5, ATG7) in vasculogenic mimicry (VM) formation. We found that autophagy-specific genes (beclin1, ATG5, ATG7) were increased after VM formation in 3D culture.
Inhibition of autophagy-specific gene beclin1 in gastric cancer cells suppresses VM.
To explore the function of autophagy in the ability of gastric cancer cells to form VM, an shRNA to silence beclin1, an autophagy-specific gene, was designed, synthesized and subcloned into a vector, while a negative control was also established. Then, the recombinant vector was transfected into the SGC7901 cell line, and the cells were screened with G418 and assayed using RT-PCR and western blotting. Next we plated 2.5x10 5 cells of the autophagy-inhibited group, negative control group and the blank control group on 3D gel, for a 24-h culture. The formation of VM occured RT-PCR was used to detect the expression of autophagy-specific genes (beclin1, ATG5, ATG7), pluripotency genes (c-myc, oct3/4, sox-2, notch1-3) and other important VM forming genes (MMP-2, MMP-9, E-cad) in the SGC7901 blank group, negative control group, and autophagy inhibited group, before and after 3D culture, respectively. Accompanied by the increased expression of autophagy-specific genes (beclin1, ATG5, ATG7), pluripotency genes (c-myc, oct3/4, sox-2, notch1-3) and other VM forming genes were also increased while a decrease in expression was noted in the beclin1 inhibited group after VM formation. Figure 5 . Expression of protein in vasculogenic mimicry (VM) formation. �estern blotting was used to detected the expression in the SGC7901 blank group, the negative control group, and the autophagy inhibited group, before and after 3D culture, respectively. Following VM formation in the 3D culture, the expression of proteins (c-myc, notch-1) was increased in the negative control group, and the blank group, but decreased markedly following VM formation when the autophagy-specific gene beclin1 was inhibited.
in the negative control group and the blank group while the inhibition of autophagy suppressed VM formation as shown by tubular length, number and tubular intersecting nods, compared with the other groups (Fig. 3) .
Inhibition of autophagy-specific gene beclin1 alters the stable expression of genes in the forming of VM.
The above results showed that autophagy suppresses VM. Yet, it remains unclear as to why autophagy is indispensable for VM formation. Thus, we detected changes in the expression of genes between the autophagy inhibited group and the negative control and blank group before and after VM formation in 3D culture. �e, respectively, detected the expression of pluripotency genes (c-myc, oct3/4, sox-2, notch1-3) and other important genes (MMP-2, MMP-9, E-cad) before and after VM formation in 3D culture. PCR and western blotting showed that during VM formation in 3D culture, expression levels of all of the genes increased in the negative control and the blank groups (Figs. 4 and 5 ), but these expresson levels were markedly decreased following VM formation when the autophagy-specific gene beclin1 was inhibited (Fig. 6) .
Change in survival, proliferation and invasion in beclin1-suppressed cells. �e explored the survival and proliferative ability by MTT, and assessed the invasive ability by Transwell test.
RPMI-1640 medium with and without serum was used to mimick the normal and low nutrition stress environments. �e plated cells from the negative control group, the blank group and the autophagy inhibited group in RPMI-1640 medium with and without serum. Results showed that the level of proliferation in the three cell groups was similar in the culture with serum. However, the autophagy inhibited group proliferated much more slowly than the other two groups in the culture without serum (Fig. 7) .
�e detected the invasive ability of the cells by Transwell assay. The migrated cell numbers were significantly reduced in the autophagy inhibited group, when compared with the negative control group and the blank group (Fig. 8) .
Discussion
Autophagy is considered to be a tumor-promoting process which helps cancer cells sustain life by recycling aged or damaged organelles and proteins, regenerating ATP and organelle material in the presence of stress environmental conditions such as nutrient shortage or hypoxia. However, various studies suggest that autophagy mainly contributes to tumor suppression during the early stage of tumorigenesis Figure 7 . Change in survival and proliferative ability following suppression of beclin. In the MTT assay, RPMI-1640 medium was used with and without serum to mimick a normal and low nutrition environment, respectively. (A) The proliferative ability of the SGC7901 blank group, negative control group and autophagy inhibited group was similar following culture with FBS. (B) However, the cell proliferative ability was suppressed significantly in the autophagy inhibited group in the culture without FBS, when compared with other groups. Figure 6 . Inhibition of autophagy-specific gene beclin1 alters the stable expression levels of genes during the formation of vasculogenic mimicry (VM). We detected RNA levels of autophagy-specific genes (beclin1, ATG5, ATG7), pluripotency genes (c-myc, oct3/4, sox-2, notch1-3 ) and other VM forming genes (MMP-2, MMP-9, E-cad) and used the OD ratio of the RNA after/before VM forming to identify the genes involved in the VM formation process when autophagy-specific gene beclin1 was suppressed. The bar chart indicates that the expression of the above genes which are indispensable for VM formation was reduced when autophagy-specific gene beclin1 was inhibited.
and deficiency of autophagy leads to genetic instability and tumorigenesis (22) .
In the present study, we found that autophagy participates in the formation of VM, vascular-like structures differentiated by cancer cells, which supply nutrients and oxygen and provide invasive channels to the tumor tissue. In a 3D culture, following the formation of the tubular like VM structures by gastric SGC7901 cells, RT-PCR and western blotting revealed that the expression of autophagy-specific genes (beclin1, ATG5, ATG7) was markedly increased.
To further explore the indispensable role of autophagy in the formation of VM, we established an autophagy inhibited group, negative control group and blank group. After a 24-h 3D culture, only the autophagy inhibited group did not form VM. Thus, we confirmed that autophagy not only participates in VM formation but plays an indispensable role in VM formation. In a hypoxic and low nutrition environment, autophagy is activated to facilitate VM formation to supply nutrients and oxygen and provide invasive channels for cancer cells, promting cancer cell survival and metastasis.
�e found that the autophagy inhibited cell group in the 3D culture did not form VM, and numerous dying or dead cell were observed. Thus, we used the MTT assay to test the survival ability of SGC7901 cells in a low nutrition environment when autophagy was inhibited. The result showed that the survival ability of the autophagy inhibited cell group, negative control group, and blank group was not altered in the full nutrition environment, but in the low nutrition environment, the survival ability of the autophagy inhibited cell group was reduced when compared with the other two cell lines in culture without nutrition. Thus, we confirmed that autophagy guarantees the survival of SGC7901 cancer cells in an adverse environment, promotes cancer cell survival and then promotes the formation of VM in an adverse environment.
Recent research revealed that the formation of VM relies on the pluripotent ability of a few cancer cells in tumor tissues, which are called cancer stem cells (CSCs). It is believed that cancer stem cells, similarly to normal embryonic stem cells, have the capacity of self-renewal and differentiation that is responsible for the heterogeneity in cancer (23) (24) (25) (26) . Under the control of same pluripotency genes, these pluripotency cells can differentiate into cells with different capacities, so they can undergo and adapt to different stress. Previous research found that when cells were transfected with transcription factors such as c-myc, oct 4, sox 2 into human and mouse somatic cells, the cells could become pluripotent stem cells and had directional differentiation features (27) (28) (29) , which help them survive under a stress environment.
In the present study, we found increased expression of the pluripotency control genes (c-myc, oct-4, sox-2, notch1-3) following VM formation in 3D culture, which suggests that, under 3D culture in vitro, with the management of some pluripotency control genes, CSCs have the capacity of vascular endothelial cells and form VM to overcome environmental stress. However, the expression of genes which were increased in the negative control group and the blank group, were markedly decreased in the autophagy inhibited cell group. �e believe that stem cells protect their genome from damage to maintain their pool and self-renewal capacity and during the tumorization of cells, autophagy protects genomic stability by retarding damage/repair cycle, and protecting cell homeostasis. Various studies found the significant role of autophagy in pluripotent stem (iPS) cell generation and differentiation processes (30, 31) . Thus, we can confirm that autophagy contributes to the stable expression of pluripotency genes which are indispensable to VM formation. �hen autophagy is inhibited, cancer cells are unable to manage pluripotency gene expression in hypoxia, low nutrition or other adverse environments. Finally, VM cannot form which was observed in our study.
VE-cadherin, MMP-2 and MMP-9 are invasion and migration molecules of cancer cells, and have been identified as important players in melanoma VM. In the absence of VE-cadherin and MMPs, VM tube formation does not occur (32) . Several studies have found that the invasive and migratory abilities of cells are important in vascularization (33, 34) . In the present study, the expression of VE-cadherin, MMP-2, and MMP-9 was increased after VM formation in 3D culture, but when autophagy was inhibited expression of these genes was decreased, and Transwell assay showed that the invasion of the autophagy inhibited cell group was also markdly decreased when compared with the negative control group and blank group. This indicates that autophagy can facilitate the invasive and migratory abilities of cancer cells by ensuring the stability of expression of VE-cadherin, MMP-2, and MMP-9, contributing to the formation of VM in 3D culture.
In conclusion, our data, for the first time, indicate that autophagy participates in VM formation, and inhibition of autophagy suppresses VM formation and the relevant mechanisms. In a stress environment, autophagy, by maintaining the survival of cancer cells, ensures the stable expression of pluripotency control genes, managing the invasive and migratory abilities of cancer cells, and promotes VM formation which supplies nutrients, oxygen and provide invasive channels to the interior tumor tissue. In this manner, autophagy promotes the survival and development of tumors.
